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Abstract

‘his paper presents two new adaptive schclnes for motion control of robot manipula-

tors. Tile first controller possesses a partially decentralized structure in which the corltrol

i]lput  for each task va.riablc  is computed Lascd on information concerning only that vari-

able and on two “sczding factors” that depend on the other task variables. l’he need for

the.se scaling factors is eliminated in the sccoxld controller by exploiting the underlying

topology of the robot configuration space, and this refinement permits the development of

a completely decentralized adaptive cxmtrol  strate~.  The proposed controllers are com-

putational]y  cfflcicnt, do not require knowledge of either the mathematical model or the

parameter values of the robot dynamics, and arc shown to be globally stable in the presence

of bounded disturbances. Furthermore, the control strategies are general and can be im-

plcmcntcd  for either position regulation or trajectory tracking in joint-space or task-space.

Computer simulation results are given for a PUMA 762 manipulator, and demonstrate

that accurate and robust trajectory tracking is achievable using the proposed controllers.

13xpcrimenta]  results are presented for a PUMA 560 manipulator and umfkn that the

ploposed  schemes provide simple and effective rea.1-time controllers for accomplishing high

performance trajectory tracking.

1 .  in t roduc t i on

~
Increasing the applicability, versatility, a]ld reliability of robot manipulators rcquixcs
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the dcvcloprncnt  of co]itrol systems capable of providing performance superior to that

obtai]lablc  with conventional robot controllers. of paIticu]ar  interest is designing  control

strategies that ensure ac”curate  motioxi  control ixl the presence of u]lccrtaintics in the robot

dynamics and payload, extcr]lat  disturballccs, and sensor noise. A ])romising  a])proach  to

this problcm  is to use adaptive control methods. in which an attempt is made to compensate

for uncertainties and disturbances by :idjusting  the controller parameters on-line based  on

t }Ic observed system perfommmcc. .4n advantage of the adaptive approach is the potcntia]

to continuously improve performance while the robot is executing the task.

Much of the research on adaptive rc)bot ccmtrol  has focused on designing ccntndized

control schcrnes,  in which the control input for- each task variable depends on all of the

ot hcr task variables. Many invest igatoxs have: c.onsidcred  this problem in recent years,

and as a result of these studies two broad approaches to adaptive controller development

have emerged. The first approach, called model- based  adaptive  contro2, assumes that the

structure of the manipulator dynamics is known  but that the constant inertial parameters,

which appear linearly in the dynamic model, are unknown [e.g., 1-5]. These controllers

have been shown to be globrdly asymptotically stable and have performed well in computer

simulations and experiments. However, implementation of these schemes with general

multijointed  manipulators is computationally  intensive, and their design requires< precise

knowledge of the structure of the entire manipulator dynamic model, Flu-therrnore,  these

adaptive controllers can lack robustness tc) unmodelled dynamics, sensor noise, and external

disturbances [6,7]. In the second approach to adaptive motion control, referred to as

performance-based adaptive contro/,  the adaptive laws adjust the controller gains directly

based on the system performance. These schemes assume that very little information is

available concerning the structure and the parameter values  of the robot dynamic model

[e.g, S,9]. A disadvantage of this approach is that the controller derivations relv on the.

assumption that the adaptive elements in the controller can vary significantly more rapidly

than the terms in the manipulator dynamics.. On the other hand, the performance-based
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methodology can be used to derive decentralized adaptive coxlt~ollcrs,  in which the control

input for a particular task variable is colli~)utcd  based ml illforulatioll  concerning only that

variable. in contrast, ada’ptive  schemes designed using the model-based approach cannot

be implemented in deccntx-alized  form because in these schemes the robot dynalnic lnodcl

is incorporated directly into the control law, so that each control input depends on all of

the systcm variables. ,>

Dccentralizcd  adaptive schemes have been proposed for manipulators because of their

computational simplicity, eax of implementation, robustness, and fault tolera~lcc  rclat ivc

to centralized strategies. Studies of the dcccntra-hzed  adaptive motion control problcm for

rigid-link manipulators have indicated that the rmticipated  benefits of this approach to

controller development can be rm.lizcd  in practice [e.g., 10-14]. Indeed, the controllers pro-

posed in these investigations are extremely simple and computationally  efficient, require

very little model information, and have performed well in both computer simulations and

experiments. However, the cent rol schemes [1 O- 14] are derived using a performance-based

adaptive approach and rely on the assumption that the controller elements can vary signif-

icantly more rapidly than the terms in the manipulator dynamics. The goal of this paper

is to introduce two new adaptive manipulator controllers that enjoy the simplicity, tom-

mutational efficiency, robustness, and generality of the decentralized schemes presented in

[10-14] and, at the same time, possess the attractive characteristic of unconditional global

stability of the centralized adaptive stra,tegk  [I-5]. Very recently, there has been progress

in this direction, with Fu [15] presenting a decentralized adaptive algorithm for robot

tracking control that is globally stable. The control law given in [15] has the structure

of a robust controller, however, and appears to generate excessive control action in order

to provide good performance. The present paper proposes two new adaptive schemes for

motion control of robot manipulators: a partially decentralized strategy and a completely,

decentralized controller. The proposecl  al.gorithlIls  are comput ationally efficient, do not

require knowledge of either the mathematical Ixmdel  or the parameter values of the robot
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dynamics. and can be implcrmmted  for either position I cgulation  OX trajectory tracking in

joint-space or task-space. lt is shown that the cmltrol  sCllelnCs tic globally stable  in t llc

presence of bounded disturbances: arid t}lat in the absence  of disturbances tile size of the

residual  position errors CaIl be niadc arbitrarily small.

The paper is organized as follows. In %ction 2, some plelimillary Edcts  are established

a?ld the overall structure of tllc proposed control schemes is givcll. ‘l% two new adapti~~c

motion controllers arc developed in Sections 3 arid 4. The performance of the coxltrollcrs

is illustrated in Section 5 through a computer simulation study and in Section 6 through

an experimental investigation. Finally, Section 1 summarizes the paper  and draws soInc

COIIC]USiOIIS.

2. l’roblem  Formulation

?’l~s paper considers the decentrrdized  adaptive motion control problem for rigid-link

:manipu]ators.  Let y dcfmc  the position and orientation of the robot cnd-effecter relative to

a fixed user-defined reference frame and note that, in the most general case, the elements

of y arc local coordinates for some smooth manifold M of dimension m. The forward

kinematic and differential kinematic maps between the robot joint coordinates 6’ E Af and

the end-cffector  coordinates y can bc wlitten  as

y == h(d), y == J(O)4 (1)

where  N is a smooth manifold of dimension n, h : A? ~ M, and J G %2m  x n is the

lend-cflector  J a.cobiam matrix.

It is often desirable to formulate the manipulator control problem in terms of general-

. . . . . . . . . ,..  , ,.. Arf , 1 .,, . 11>,



operates directly in the’ space  where the task is executed. A task-space formulation can

also bc walizcd if the manipulator is kinclnatica.lly  redundant (when m < n ) by utilizing al~

“augnlellted task-space’; approach [e.g.,  16-20]. In what follolvs.  wc shall consider nont-e-

dmlda~lt and redundant robots together a.rld formulate the manipulator control problem

ill tcrlns  of a set of n generalized coordinates x. Typically, x is obtained by augmentin<  y

~vith  a set of n -- m kinematic functicms that define some auxiliary tad to be performed

by the manipulator. 10 retain generality, wc shall require only that the elements of x arc

local coordinates for some’  snioot}l  manifold A’ of dimension n, and that the kinematic. rela-

tionship between 0 and x is known and continuous and can bc written in a form analogous

to (l):

x = ha(o), x =- J.(o)i (2)

where ha : hf + X ar]d JO E !R” X”. Okcr-vc  that for x to be a valid generalized coordinate

vector, the elements of x must be independent in the region of interest; thus it will be

assumed in our developinent  that JO is of full rank.  Note also that joint-space control is

trivirdly  recovered by defining ha to be the identity map.

Consider the manipulator dynamic model written in terms of the generalized coordi-
.

natcs x as

~ = ~(X)X  +- Vcc(x,  x)x + G(x) + d(x, x,t) (3)

where F E !Rn is the generalized force  associated with x, If E 3?”  x n is the symmetric,

positive-definite inertia matrix, V’C E W’ ‘“ quantifies Coriolis and centripeda.1  acceleration

effects and is related to H via H = VCC + VC~,  and G E 3?” is the vector of gravity forces.

The term d G 3?” is a vector of bounded but otherwise arbitrary disturbances that can

represent unmodelled  state-dependent effects (SU ch as Coulomb friction) or time-dependent

disturbances (such as the forces arising from a time-varying payload). ‘I’he dynamics (3)

represents a Hamiltonizm  systcm and thexcforc possesses a well-understood structure. For

example, in addition to the properties already rncntioned,  it can be shown that the terms

H, G arc bounded functions of x whose time dcs-ivatives  ~{, d are also bounded in x and
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depend linearly on x, and that the matrix VCC is bounded in x zu]d dcpexids  liIlearly 011 ~.

These properties arc established for any set of generalized coordinates x in [21 .22~ aIla \vii’

prove  useful iI] tllc develo])xncrlt  of the proposed adaptive controllers.

Each of the control systems proposed in this paper consists of two subsystems: al.

adaptive scheme  that ]n-oduccs  the task-space coI1t Iol iIlput l’ required to cIIsuIe  ~lia:

the systcIn (3) CVOIWS  from its initial state to the desired final state alenlg soxne spccifici

trajectory Xd(t ) 6 X (where x~ is bounded with Loundcd  da-ivativcs),  and an algorithm fo:

n~apping  the control input F to a physically rca.lizablc  joint-space ccmtrol torque 3’ E 3?”. 1:

\vill be shown that these control]crs also provide regulation if the final desired configura~  ior.

x~ is specified as a constant and the interrncdiatc trajectory is not stipulated. lf x is choscI.

as described abcwe, then the F + T map required by the control system is simply .“e. g..

23]:

T= J07F (4,

]Iowever, when the manipulator is cinematically redundant then alternative dcfinitiom  for

x can lead to other F -i T maps, aud there is considerable flexibility associated ~ith

this approach to redundancy resolution [19,20,23,24]. For the remainder of the paper it

is assumed that such a map can always be constructed and that, equivalently, the control

input F can be commanded directly. Therefore the focus of the subsequent discussion is

on the adaptive control of the system (3),

3. Partially Decentralized .Adaptive

We now turn to the derivation of the

Control Scheme

first adaptive motion controller. Consider the

following dccentrahzed  task-space control law structure:

Pi = ai(i)i~i +- bi(l!)i~:  + -fi(t) + k~i(t)Ci + k~,i(t)~: for  i == 1,2,...,  n i b

\vhcre the subscript i refers

component of the trajectory

to the ith element of the vector, ei == ~di – ~i is th~ /tk.

tracking error, and the SCda.M ai(t), b;(t),  -f;(t),  kpl(t  ~. aIIE
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kt,i(t)  arc aciaptivc  gairls whose update laws arc to be determined. In this control law,

the first three terms on the right hand side repmscnt  feedforward componcllts  wld the last

two quantities arc feedback eknc.nts.  For the subsequent development. it is llotatiolla]ly

convenient to write the n components of the control law (5) together as follows:

diag(k,,i)  E $?”  x‘ .  App ly ing

the tracking error  dynamics:

JIc + V’ccc -1

the control law (6) to the manipulator dynamics (3) yields

~{,,i + l{~,e i @~ + @J{xd + q)vid -- d == O (7)

wllcre  @ ~ == f–G, @ll = A-H. and~)v  = B–VCC. The adaptation laws for A, B, f, KP. J{U

are now derived using a Lyapunov-based design method. We specify that KP and ~{t,

possess both constant and adaptive components, so that kpi(t)  == kPOi  + kp(i(t)  and kui(t) =

kuoi +kVti(t)  With kPoi  >0 and kvoi >0 Vi; note that this maybe viewed as simply requiring

that kPi and kvi be set to positive values initially. Define the Lyapunov function candidate

V == jeTH6 + jeTKPOc  +- Ee7’lie./(l  + II e II)

4- ~cl fTf + ~c~aTa  + ;c3b~b + ;c4k;kP  + ;c5k~kV (8)

whe,rc c and thi ci are positive scalar constants, II . II denotes the standard Euclidean

Ilorm, Kpo = diag(kPoi)  C. %Vxn,  a  = [al,..., an]~ E %n, b = [61,...,6n]T c 3?n, kP ==

[~ptl,..., kPtn]T c W, and k. = [kufl, . . . . kufn ]7’ E W’. Observe that V in (8) is a positive-

definitc, radially unbounded scalar function of e, C, f, a, b, kP, and kv provided c is chosen

so that

t < [~rn~n(~~p(l)~min (IJ)]l/2/A”,*z(H) (9)

where A ,llin(.)l ~~az(.)  denote the minimum and maximum eigenvalue  of the matrix ar-

gument, respectively. Note that the Lyapunov function candidate (8) contains a “cross-

product-term” &Tl{e/(l  + II e II). Including such a term is proposed by 13ayard and Wcn !4]

-.
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.to provide a certain form of Lyapmlov function derivative aIld b> Iioditscllck  [23] based on

clcgaIlt  argun]eI]ts concerning the Ricmzulxlia.n  geomet  I y Of tile state-space  c)f lnechanical

systems. .Altcmatively, this construction may lx viewed as a natural cxtmlsioxl  of tllc use

of general quadratic foqxns (iIlstead  of simple sums-of-squares) as LyaI)uIlov  fu]lctions for

lixlcar systexns.

Wc I1OW investigate the stability of the error dynamics (i) using tl:c 1 ,yapullov  func-

t ion candidate (8). DifTeIentiatixlg  V along the vector field defined by (7) yields, after

simplification

+- ~7’[c2& - [qid]] +- bT[csb  - [qx~]] + k~i[cd kpt - [w]]
+ k:t[csk - [qe]] -t- q7[Hx~ i- Vccxti -t G]

where the identity  H = VCC -t V’: is used. In (10), K,,o  = diag(k”oi)  ~ W’x”, q ==

e -t cc/(1+ II e II) is a weighted and normalized position/velocity error, and [Z W] =

[Z,WI,Z2W2 ,..., .z.w.]T  ~ 32” for any two n-vectors z, w. Examination of ( 10) suggests the

following adaptation laws for ji, ai, bil kp~i  and k“ti:

(11)

~~~}lcre  the ~i are scalar functions of the form

&i = @iO i ail 1] e II! Clio > 01(!,1 > 0 2 == 1,2, ...,5

s

(12)



Note that in (11 ),(12)  the o-modificaticm-like terms [26] arc scaled by II & ]]: this refinement

w’jl]  bc shcnvII  to ])Iovjdc  inlpmved co]l~”erge]lcc  propertim in tile COIIIrnOIl  case  ill ~vhich

t]le fiIIzd  desired manipu]atol  coIlfiguration  x~ is a co]lsta]lt.  Substituting these adaptation

laws into (1 ()) yields

,. .

- CMCZI]  a 112- a3c3]\  b 112-- CL4C411

+ qT[Hxd -1 v.cxd  + G]

‘Ilc properties of G, H, and VCC established in

with the bound edncss of d, x~, x~ permit  the

(13)

[21,?2]  and summarized in Section ? toqethcr.

following bound on V in (13) to be derived:

.

where q., q] are positive scalar constants obtained through routine manipulation, k,,  is a

scalar upper bound on the”  linear dependency of VC= on x (i.e., II VCC II ~ < k. II x II Vx with

II “ IIF the Frobenius matrix  norm),  and dmaz and v “mar are solar upper bounds on the

(norms of the) disturbance vector d ancl desired velocity vector Xd, respectively.

An cxarnination  of the inequality (14) reveals that proper selection of the controller

parameters KPO, KVO, and E will ensure that the first six terms on the right side of (14)

arc negative-definite in e and e. Indd, this desirable result is obtained provided these

controller parameters are chosen so that

1 5A”,..(H) -i 4kt,
-  >max{————

A m O, ( H )—.—
c } ‘;.”11

4.A~:~(l{~o)  –  4Um**klJ ‘  l~in(JfPo)~m:n(H)]l/2

9



where the inequality (9) is incorporated directly into this constraint for completeness.

Note that tlw selection process for these parameters does not require l-mowledgc  of H. but

instead only very conservative upper and 10WCI bounds for this matrix. I’his is bec.ausc

the controller parameters appear in all terms in ( 15). and their selection can therefore bc

used to “mask’; the (potclltially  considerable) u]lcertaint!”  regarding I{. Similm analysis of

t hc remaining terms in ( 14 ) s}lows that f, .4, B. Iii, r. J(,I1 appear  in oTLly negative-definite

qual:tities, and that the positive terms in this expression depend at most line,arly  on II c II.

I’his implies that the set S defined ass

(16)

is compact and includes the origin. ‘1’hesc properties of S together with the positivc-

definite, radially-unbounded structure of V in (8) indicate the existence of a constant

value V ● of V such that ~~ < 0 whenever V > V ● , which is sufficient to ensure that e, &

and all of the adaptive gains arc bounded [26].

Several observations cam be made concerning the adaptive control strategy (5),(11).

First note that the proposed control law is extremely simple, requires very little information

concerning the manipulator dynamics, and is partially decmtralized  in that the control.

input for each task variable is computed based on information concerning only that variable

and on two scaling factors II e II and 1+ II e II. Thus the proposed control scheme

provid~ a computationally  efficient, modular, and readily implementable solution to the

manipulator trajectory tracking problem. Next, consider the situation where there are

Ilo external disturbances, so that d -~ O. Then, in the common case in which the final

desired manipulator configuration Xd is a constant, the errors e, e can be made arbitrarily

small by increasing the adaptation gains I/ci; this result is established in the Appendix.

Observe that this latter result indicates that the proposed scheme is well-suited for the

position regulation problem. Note that increasing the adaptation gains does not ordinarily

lead to large or rapidly varying manipulator actuator torques, since the 1 /c i govern  the

rate of adaptation of the controller gains and oILly indirectly infiuence the magnitudes of

10



these temls [27]. This behavior is illustrated ill the COIIlpUTCI  simulations and experiments

ilJ S&c.tiolls  5 aJIcl 6. and rcprcscIlts  an advantzigc  of t}lc ada~)tive  c.cnltxol ap]nc)ach over

stIatcgies such as robust’ contI 0]$ lvher’c  high gajns Oftfm  lead to exccssivc control action.

AI1

t}l(!

il I’C

4.

additional c)bscrvation  is that the scalar adal)tatioIl  gains

appropriate diagonal rnatriccs for inc.rc.a.sed  flexibility aIld

used in the above analysis for simplicity of clm-elopment.

I / ci can be rc~)laced u-ith

pcrformzulce;  scalax gains

,s B

Completely Decentralized Adaptive Control Scheme

‘1’he adaptive control strategy (5),(1 I ) is not completely decentralized because t hc con-

trol input for each tassli variable depends on the two scaling factors [[ e II and 1+ II e [[,

which are functions of the tracking error for all ot hcr task variables. The need for these

scaling factors is eliminated in this section by exploiting the topolo~ of the robot config-

uration space, aIld this rcfinerncnt  permits the clevclopmcnt  of a completely decentralized

control scheme. More specifically, observe that in deriving the controller (5),(11) the only

assumption made regarding the manipulator configuration space is that the elements of

the generalized coordinate vector x are local coordinates for some smooth manifold X of

diI1lcxlsion  n. In Inost cases, however, it is kIlown  that the cord@ration  space is compact,

and this additional feature can bc important from the perspective of manipulator control.

The idea of utilizing the topology of the manipulator cor@uration  space in the design of

control schemes was first proposed by Wen, Kreutz-Delgado,  and Bayard [28]. These re-

searchers present a class of controllers for all-rcvolute  robots whose design took advantage

of the fact that the manipulator joint-space is the n-torus P; included in this class of

controllers is a model-based adaptive strategy. Their approach essentially involves select-

ing configuration space error

‘[error potential energy” (or

what follows, wc revisit the

coordinates which reflect the topology of Tn and defining an

error metric) that is also compatible with this topolo~v. ln

manipulator control problem and consider the decent I alized

adaptive coIitrol of robots possessing a compact configuration space. For simplicity. \vc

11
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restrict our attention to joint-space control of all-revolutc  manipulators, and adopt dcfirli-

tions fox configuration error and error potcntia!  eI~cIgy 0117 “ that are similar to the ones

.gil’en  ixl [2 S). V1’e note, ” however, that these icieas can be extended ixl a Ilatural ~vay to

task-space control of all-revolutc manipulators, and indeed to the control of manipulators

lvith prisInatic  joints provided that these joints have finite travel.

(’onsider  the following paramctcrization  of configuration error e =F. f?a -0 [2s]:

~“ T

q[, == [C.os( ;- ), Cos(  : ). . . . . Cos( ~ )]

ql “ [sirl(~ ), sin(%):  . . ..sin(~)]7’ (17)

It is clear that q., q] provide a reasonable pararneterization  for configuration error on 7“

since Cl = at~2(91i, qoi) and ql = O implies c = O mod Qz; the relationship between this

pru-ameterization  and the unit quaternion is obvious. The following expressions can be

easily derived and will prove useful in the development of the proposed controller:

1
~[qlel ! 41  =  +oc]40 = ‘- - “

dko  +qvll = o , II q] 11S n’/2 (18)

The terms qo, ql permit the construction of an error potential energy (or error metric)

that is compatible with the topology of the joint error space:

u = q:l<pql  -t- (qo – 1 )T&(qo

where 1 = [1, 1,..., 1]~ E R“ and KP := diag(kPi) >  (1 ~

- 1) (19)

W  x‘. The properties of error

potential energies of this form me discussed in [’M] and are not

is simply mentioned that U is a smooth function of e and that

is O and occurs at e = O mod 4T.

repeated here. .nstead,

the global minimum of

it

u

With these preliminariw  established, we ncm~ turn to the derivation of the second

adaptive motion umtroller.  consider  the decentralized joint-space control law structure

Ti = Qi(t)@~i  + 6i(t)~~i  + jl(i) +- k~,iq)l + k,,iel  for i ~ 1,2,...,  rl (20)

12



WhCIC kPi, kt,i  are positive scalar constant feedback gains and ai(t),  hi(t), .fl(t) are SC&r

adapti~:c  clcIl]eIlts  Ivhosc update laws arc to bc determined. Note that for simplicity of

exposition,

tm derived

Sut)sequcnt

control law

we arc using constant” rathcI tlmn adaptive feedback gains; adaptive gai IK CaII

utilizing aIl approach analogous to the onc presented in Section 3. For  the

development, it is notatiomlly  convenient to write the )2 components of the

(ZO) together as follok: .>

~’ = .4(t)& -i B(t)ed  +- f(f) + IIpq] -1 K,,e (21)

~~~llcrc  A  =  diag(ui)  E !Rnx”,  B = diag(6i)  c !R’’xn, KP = diag(kPi)  E !RRX”. a n d

1{,, = diag(kvi)  G W“xn. Applying the control law (20) to the joint-space analog of

the manipulator dynamics (3) yields the tracking error dynamics:

}3ti + vCCc + ~f,,e +- ~<Pq~  + @G + @}{& +- @v& – d = O (22)

where @~ == f – G,@H = A – }1, and @v = D - V,,. The adaptation laws for A, I?, f arc

now derived using a Lyapunov-based design method. The Lyapunov function candidate

employed in this approach is constructed utilizing the error potential energy U defined in

(19):

where all terms are

provided c is chosen

We now investigate

tion candidate (23),

simplification

v= I.yti
~e ~e + qr~fpql +- (qO – l) TKp(qo – 1)

-+ ~eTHql  + ~c1f7f + ~c2aTa  + ~c3bTb

defined as in Section 3. Observe that V in (23) is

so that

C < [2 A~l~(l{;,  )~~a~(H  )]] ’2/A~~*(H)

the stability of the error dynamics (22) using the

(23)

positive-definite

(24)

Lyapunov func-

Differentiating V along the vector field defined by (22) yields. after

if ~ . ~TI.ue _

+ aT[c2a –

Wwpql + ;evqcloc] -1 MJ-(l’c:e -- Kve) + fT[clf – s]

[s&]] + b7’[c,b -- [s8,]]  -t S7’[}{& + VCJ& + G + d ] (Q5)

13
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where s = & + cql is a weighted positioxl/velocity  error.  Examinatioli of (25) suggests the

following adaptation laws for Ji. Qi, 151:

ji = ‘  ~lji+ ~;si

1
hi ‘“ ‘-  C!2Ui  ‘1 ‘-- Sitidi

c?
(26)

,.!
P

w’here the @i are positive scalar coxlsta.nts. Substituting these adaptatio]l laws into (25)

yields .

v a -- eTI{t,c  – eq;’l{pql  + ;e%[qoe]  -t tq;’(Vc:e  – Kt,e) – a]c] II f 112

(27)

from which the following bound on V can be derived:

V <- .A~i~(l<~)]l  C 112- t.A~i~ (qr)ll q] 112 -+ +*(H)II e 112

(28)+ n]/2Ek,,l[  i 112 -i Vmdrkull  6112 – alcIll f 112- a2c211 a 112

–  C13C311  ~ 112  _t VO + VI II ~ II +~matll c I I

where q., q] are positive scalar  constants obtained through routine manipulation and vrno x

is a sca.lm upper bound on the (norm of the) desired velocity vector .~d.

An examination of the inequality (28) reveals that proper selection of the controller

parameters IfP, K.,  and c will ensure that the first five terms on the right hand side of

(2S) are negative-definite in ql and & Indeed, this desirable result

these controller parameters are chosen so that

1 ,  Am., (H) +- 2r21/2k” A~.z(H)

is obtained provided

; > max[ _->_.. . . . . . . . . . . .
2A”,, ”(KV) – 2u”,o,  k. }

‘  [2~min(~fp)~min(J/)]1/2
(yj)

where the ixlequality  (24) is incorporated directly into this constraint for conipl(,~  {’I lt’~s.

Notice that, as in the previous section, the selection process for these parameters U,)IS 11,)1

14
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require lmowlcdgc  of H,- but rather only very conscr~’ative  estimates for upper and ]OR’CI

boullcls for this matrix. .An analysis of the remaining tcxms  in (Z8) shows that f. .-1. D

appear ixl only negative-definite quantities, and that the positive tcrrns in this expression

depend at most linearly iIi [1 c II. This ixnplics that the set S defined as

s={q,. d. f,.4, B I i’>o} ~30)
,, ,>

is coxnpact aTId  inc]udcs tile origin. .4s discussed iIl tllc previous section, tllesc  ~mo~)eI  i ies

of S together with the structure of 1’

the adaptive gains arc bounded [26],

Several observations can be made

F’irst note that the proposed control

in (23) arc sufficient to emure that q], & ald all of

concerning the adaptive control strategy (20),( x3).

law is cxt x cmely  simple, requires very little infor-

mation concerning the manipulator dyuamics , and possesses a decentralized structure.

Thus the strategy is computationally  cff;cicnt,  modular, and easy to implement. All of

the otxscrvations  made conccming  the cxmtrollcr  derived in Section 3 apply here without

modification. For example, it can be shown that if there are no external disturbances and

the final desired manipulator position is a constant, then the bounds on e,& can bc made

as small as desired..

5 .  S i m u l a t i o n  S t u d i e s

The class of adaptive control schemes developed in Sections 3 and 4 is now applied

to a large industrial robot through computer simulation. The robot chosen for this sinlu-

lation study is the six degree-of-freedon (I)OF’)  PUMA 762 manipulator. The simulation

cnvironrncnt incorporates models of all important dynamic subsystems and phenomena,

such as the full nonlinear arm dynamics, joint st.iction,  sensor noise, and transmission ef-

fects, and therefore provides the basis for a realistic e~aluation  of controller performance

[29]. The control laws are applied to the nmnipulator  rnodcl with a sampling period of”

t~vo milliseconds, and all integrations required by the controller are implemented using

a simple trapezoidal integration rule with a time-step of two milliseconds. The PUhl.4

15



762 manipulator possesses a conventioxml  design with six revolute joints collfigured  in a

‘.~vaist-s}ioulder-elbow  -m’rist’” arrallgcl  ncnt, as shO\\’11 i~l Figure 1. Precise values fol a]]

kinematic. and dynamic &odcl  parameters for t]lis robot me g~VeII in [20] aud ale used in

the simulation of the arm kinematics and dynamics. A brief characterization of the overall

robot dimensions WL bc made bj noting that the rcac.h of the arm is approximately Win

asld the total weight is almost 8501b.  ‘1’he siinulation  study consists of t~~’o  parts: a nominal

perjormancc  s huiy  in which no cxtcrmd  disturbances arc applied to the robotic system.

and a robustness study where a payload-related disturbance is introduced. It is noted that

throughout the computer simulation studies, the unit of length is inch, the unit of time is

second, the unit of amglc  is degree, and the unit of force is pound, unless stated otherwise,

The first simulation study demonstrates the capability of the control scheme (5),(11)

to provide  accurate task-space trajectory tracking under nominal conditions, in Ivhich  no

external disturbances arc present. The PUMA robot is initially at rest with the joint-

spam position 0(0) = [0, 90, 180,0, —90, 0]7. The robot is commanded to smoothly move

its end-tiector  20in in the z-direction, 20in in the @irection,  and 20in in the z-direction

in 2 seconds according to the following temporal trajectories:

X(t.)  ‘= Zi + 1 0 ( 1  - COS(7i/2)t)

y(t) = Yi + 1 0 ( 1  – COS(~/2)t)

Z(t) = 21 +- 1O(1 – COS(~/2)t)

for t c [0,2], where [~ilyilz$ .] are the initial position coordinates of the end-effecter and

all motions are specified relative to the base coordinate frame. Additionally, the robot is

required to smoothly change its end-effecter orientation from an initial orientation matrix

Ri. it to a final orientation matrix Rfinol,  where

and each rotation matrix R is specified relative to the base frame of the robot. l-he



—
.*

.

manipulator dynamics arid the final desired manipulator position is a corlstant,  then tile

bounds on c, c can be made as small as desired. For simplicity of dcvclopmcnt,  lvc pxesexlt

the analysis for the adaptive strategy (20),(26), and note that the results obtained hold

for both of the controllers proposed in this papa-.

Proposition: Consider

extcmlal  disturbances

t hc joi]lt-space analog  of the nlaIlipulat,or  dynamics (3) \vit 11 no
,. r“

T = H(o)ti + V,,(O, e)i + G(o) (.41)

and the decentralized adaptive controller (20 ),( 26) for t hc case  in which t hc desired final

position t9~ is a constant (here  crl = cr and l/cl == ~ for notational convenience):

~i = f:(~) +- ~pig]j +“ ~,,ji:

ii = ‘~ji + /?Si “ (.42)

Cr=q)+cqllell

The controller (A2) ensures that the manipulator dynamics (Al) evolves so that ql, e, f

arc globally uniformly ultimately bounded provided that

Moreover, the ultimate bounds on ql, e can be made arbitrarily small.

Proof: Applying the umtrol  law (A2) tc~ the manipulator dynamics (Al) yields the closed-

loop dynamicxs:

He + V,Ce  + ~{,,e + ~fPql + *G == O (.44)

Consider the Lyapunov  function candidate
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temporal trajectory for this orientation change is specified using the standard “equivalent-

allglc-rixis”  parametrization of S0(3) givc]l by tijk E R3. N-hem L is a unit vector aligned

u-ith the axis of rotatiorl frcun the initial to the final desired orientation ~ld b is the

angle of rotation about this axis. In this simulation. the desired oriclltation trajectory.

is bd =- 750(1 -- cos(7r/2)i)  and k~ = [0. O, 1]7’ for i E [O. ‘2] [e.g.,  31]. Thus the robot

is commanded to translate its end-eficctor  approximately 35in and r’otatc its cncl-dlector

through 150° in 2 seconds. ‘Mc decentralized task-space control strategy (5),(11) is utilized

to achieve the specified trajectory tracking. The adaptive gains A, B, f are set to zero

initially, while lKP, ~fw are initialized to KPO = K“o == diag(20 20 20 1 1 1). The

remaining controller parameters are set ~ follows: ~ = 10 and ~io = ail = 0.001, 1 /ci = 10

for 2 = 1,2,..., 5. The results of this simulation arc given in Figures 2a-2c, and indicate

that accurate task-space trajectory tracking is achieved.

The next simulation in this study investigates the robustness of the controller (5),(11)

to extcrnrd disturbances. Note that when the manipulator payload mass m is time-varying,

the skew-symmetry of the matrix Ii – 2VC. is disrupted [32]. This result is important since

most adaptive trajectory tracking schemes (including

exploit this skew-symmetry in their development. As

varies with time and skew-symmetry is lost, then the

dynamic modeJ  which arise from the tim~variation  of

the ones proposed in this paper)

a consequence, when the payload

‘extra” terms in the manipulator

the payload represent an external

disturbance to the nominal model. To examine the efTect  of this disturbance, the controller

(5),(1  1) is utilized to repeat the task specified in the first simulation, but here a time-

va.rying payload is introdumd  with mass given by m(t) = 25(1 + eosft). Thus the payload

mass smoothly decreases from 501b to Olb during the trajectory. In this simulation, all of

the controller parameters are set to the values used in the nominal study described above.

The results of this simulation are given in Figures 3a-3c,  and indicate that accurate and

robust task-space trajectory tracking is achieved despite the gross and continuous variation

in payload mass.
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6. Experimental Studies

The class of robot co]ltrol  schemes dcvclopcd  in SeCtioIls  3 and 4 is now applied to an

industrial robot  in a ser-ics of cxperinmnts.  The experimented facility utilized fox this study

is the J PL Iiobotics  Research Laboratory and consists of a Unimation PLTMA 360 arm and

controller, and a DEC~ h’licro\~.i.X  11 computer; a functional diagram of this testbed is given

ill Figure  4. The Micro\’.4X 11 hosts the RCCL  (Robot  Control ‘(C”> Library) software,

which was originally developed at Purdue University [33] and subsequently modified and

implemented at JPL [34]. During the operation of the arm, a hardware clock constantly

interrupts the 1/0 program resident in the Unirnation  controller at a preselected sampling

period T., which can be chosen as 7, 14, 28, or 54 milliseconds; for all experiments reported

here T, = 7ms. At every interrupt, the 1/0 program gathers information about the state

of the arm (such as joint encoder readings), and interrupts the control program in the

MicroVAX 11 tc~ transmit this data. The 1/0 program then waits for the control program

to issue a new set of control signals, and then dispatches these signals to the appropriate

joint motors. Therefore, the MicroVAX  11 acts as a digital cxmtroller  for the PUMA arm

and the Unirnation  controller is effectively bypassed and is utilized merely as an 1/0 device

to interface the MicroVAX II to the joint motors. A complete description of this testbed

is beyond the scope of the paper; the interested reader is referred to [34].

The decentralized joint-space control scheme (20),(26) is sekted  for implementation in

the present experimental study. The experiment consists of a nominal performance study

and a robustness study, and in this way parallels the computer simulation investigation

in Section 5. In the nominal performance study, the scheme (20),(26) is implemented for

trajectory tracking control of the PUMA arm waist joint 61 while the other joints are held

steady using the Unimation controller. In contrast, in the robustness study, the other

joints arc given a large motion using the Unimation controller while 01 tracks a trajectory

similar to the one specified in the nominal study. Observe that this motion of the joints

distal to the waist joint has the effect of a time-varying payload. Recall from the previous

18
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section that this results “in the application of a time-varying external disturbance to the

nominal robot ciynamics.

In the ncxninal performance test, the PUIVIA  arIn is il]itially  at rest with joint-space

~)ositiox]  O(0) == O. The ~vaist  joint is colllInandcd to chaxlgc smoothly from the initial

~jositiol) t?, == O to the goal position 01 = 90° in 2 seconds using t}lc cycloidal trajectory

0~, = 45°(i  – sinmi)  for i c [0, 2]. The control law (20).(26) is slightli  Itiodified  to inc]udc

the capacity for adaptation in t hc~ feedback gains using an approach simihir  to the one

utilized in deriving (11); this modified schcmc is then used to achieve the desired trajectory

tracking. The adaptive gains .4, B, f, KP, K,, are initialized to zero and the remaining

controller parameters arc set to the following values: c = 1, 1/cl = 1 /cz = 0, l/c3 =

0.1, l/c~ = 0.2, l/c~ ~ 0.5, and ~i ~ O for i ~ 1,2,..., 5. Note that, in view of the modest

computing power available and the relatively high communication overhead in the testbed

[34], no feedfcmward  elements are used in the cxpenments.  While  the arm is in motion,

the reading of the waist joint encoder at each sampling instant is recorded directly from

the arm, converted into degrees and stored in a data file. Figure 5a shows the desired and

actual trajectories of the waist joint angle, and the tracking error is shown in Figure 5b.

It is s-em that the joint angle 01 (t) tracks the desired trajectory d~l (t) very closely, and

the peak value of the tracking error e(t) == 0~1 (f ) – 01(t) is 1.40°, The initial lag in the

f?] response is due to the large stiction (static friction) present in the waist joint. Figures

6a and 6b show the tracking performance of the waist joint for the same motion using the

lJnimation controller, which is operating with a sampling period of 1 millisemnd; it is seen

that the peak joint tracking error in Figure 6b is 5.36°. By comparing Figures 5b and 66,

it is evident that the tracking performance of the adap”tive  controller is noticeably superior

to that of the Unimation  controller, despite the fact that the Unimation control loop is

seven times faster than the adaptive control loop.

The next cxpcrimcnt  investigates the performance of the

additional robustness is required for successful completion of

proposed cent roller u !:1’:]

the desired task.  111 Y1.:.
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experiment, the control law (20),(26) is utilized to track a desired waist joint trajectory

similar to the one specified ixl the first experiment. and the arm is initially in the same

configuration. In this case, however, the Unimation  controller is used to sInoothly  nmvc

the shoulder joint 02 and CILOW joint 63 from the initial zero positions to 82 = -90° and

Oj = 90° in 3 seconds during the execution of the task.  observe that this is a gToss  and

ra~)id v,a. riaticm  in the arm configuration. which produces a large and fast variation ill the

arm inertia as seen at the waist joint. As indicated in Section 5, this variation presents

a large external disturbance to the nominal waist joint dynamics. The desired waist joint

trajectory for this experiment is fl~, = 20°(i  -- sin(2ni/3))  for t E [0,3], and all adaptive

gains and control]cr  parameters are set to the values used in the first experiment. The

results of this experiment are shown in Figures i“a and 7b, and indicate that accurate and

robust trajectory tracking is achieved despite the large external disturbance.

7.  Conclusions

Two decentralized adaptive control schemes for robot manipulators are presented in

this paper. The simplicity of the proposed controllers leads to computational efficiency, and

. makes the schemes particularly suitable for implementation as real-time control algorithms

with a high sampling rate. The capabilities of the proposed control schemes are illustrated

through a computer simulaticm study and an experimental investigation. The results of

these studies demonstrate that the controllers provide a simple and effective means of

obtaining high performance trajectory tracking. Future work will focus on the application

of the proposed approach of controller development to the problem of robot compliant

motion  control.
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and observe that V is a fiositive-definite, radially-unbounded function of q], 6, *G provided

the controller parameters are chosen so that ( .\3) is satisfied. Differentiating (.+.5’}  doIlg

(.44 ) a~ld simplifying gives

i’ ~ -
1

&T-l(to  C - cq~ lir)ql + ;e~’}l[qoc]  -1 Cq;’(l;:e --- A-,le) + - @:(i’G  - .{s :1
~3

=-. - e7’1i,,  e - cq~’Iipql  4 ;& ’’’ll[qo&]  -t fq:(l;:c  - A-1,6)  .-
b

--  j II @G+ ;;(G -I oG) 112 ++PII ~-t aG \\’ 1.46 I
-’

The properties of G established in [21,22] and summarized in Section 2 permit the follm’.-ing

bounds to be derived:

< ‘;- ]1 @G I\’ +-;(73 +74 1] @G 11)

where the vi are positive seal ar constants obtained through routine manipulation and JYG

is a bounded function of ql, 6. The inequalities (A7) then permit V in (A6) to be bounded

as follows:.

II cll IIi~ < -[llql II Ile IIIQ [ Ile 1[ 1 ‘; II @G [t’ +;(71+72 II e 11)+; (73+74 It @G 1[) (-~~)

where the matr& Q is defined as

~Jrni*,(l~~) +cAmaz(I{”)
Q =  [_~~~~nx(l<V)  .lmlin(l<v)  - ~tA~OZ(ll)  _ n’lz~ku

-- 1
and is positive-definite provided the controller parameters are chosen as in (A3).

Note that if j : [O, oo) -+ 3? is defined as ~(z) = (QO +- al~)/a  – a2z2 with a. ao, al. 02

positive scalar ccmstants  then there exist positive scalar constants b., b2 such that g( r I =

bO/a – b2r.2  > f(~) VZ E [O, cm) (for example, choose b 2 = a2/4 ‘and b. = a. + a~/a:aj.

This result allows the following upper bound on V in (.48) to bc established:

(, .-!3 I
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where z == [[l q] II 1[ & [1]7 and 13 is a positive scalar constant that dots not increase when

8 is increased. Examination of (A5),(A9)  reveals that there exist positive scalar constants

~i independent of ~ sucj~ that the fol]cnving  bounds on l’. ~’ earl be derived:

(Ale)

Straightforward application of the glob-l  urtiforrn  ultimate bou~ldedness  theorem of Corlcss

and Leitmann [35] to (A1O) yields the following ultimate bounds for II z II, 1] @G II (see [35]

for a discussion of ultimate boundedness):

Thus II z II, II @G II are tdtimately bounded, which implies that ql, e, f are ultimately

bounded, Moreover, the ultimate bound on II z l!?== II ql 112 + 1] & 112 can be decreased as

desired simply by increasing /3.

It is interesting to note that the results presented in this Appendix are actually more

general than indicated by the statement of the proposition, For example, if there are

external disturba,ncm d present such that d is bounded in x and d is bounded in x

and grows at most linearly with x, then arbitrarily small regulation errors can again be

concluded. This is easily  verified by combining d with G in the preceding analysis and

observing that aU of the arguments and ~nclusions  still remain valid.
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Appendix: Analysis of Error Bounds fc)r Proposed Control Schemes

In this Appendix, we show that when there are no external disturbances acting on the


